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Background: Glossina fuscipes fuscipes is the main vector of African Trypanosomiasis affecting both humans and
livestock in Uganda. The human disease (sleeping sickness) manifests itself in two forms: acute and chronic. The
Lake Victoria basin in Uganda has the acute form and a history of tsetse re-emergence despite concerted efforts to
control tsetse. The government of Uganda has targeted the basin for tsetse eradication. To provide empirical data
for this initiative, we screened tsetse flies from the basin for genetic variation at the mitochondrial DNA cytochrome
oxidase II (mtDNA COII) gene with the goal of investigating genetic diversity and gene flow among tsetse, tsetse
demographic history; and compare these results with results from a previous study based on microsatellite loci data
in the same area.
Methods: We collected 429 Gff tsetse fly samples from 14 localities in the entire Ugandan portion of the Lake
Victoria coast, covering 40,000 km2. We performed genetic analyses on them and added data collected for 56 Gff
individuals from 4 additional sampling sites in the basin. The 529pb partial mitochondrial DNA cytochrome oxidase
II (mtDNA COII) sequences totaling 485 were analysed for genetic differentiation, structuring and demographic
history. The results were compared with findings from a previous study based on microsatellite loci data from the
basin.
Results: The differences within sampling sites explained a significant proportion of the genetic variation. We found
three very closely related mtDNA population clusters, which co-occurred in multiple sites. Although ΦST (0 – 0.592;
P < 0.05) and Bayesian analyses suggest some level of weak genetic differentiation, there is no correlation between
genetic divergence and geographic distance (r = 0.109, P = 0.185), and demographic tests provide evidence of
locality-based demographic history.
Conclusion: The mtDNA data analysed here complement inferences made in a previous study based on
microsatellite data. Given the differences in mutation rates, mtDNA afforded a look further back in time than
microsatellites and revealed that Gff populations were more connected in the past. Microsatellite data revealed
more genetic structuring than mtDNA. The differences in connectedness and structuring over time could be related
to vector control efforts. Tsetse re-emergence after control interventions may be due to re-invasions from outside
the treated areas, which emphasizes the need for an integrated area-wide tsetse eradication strategy for sustainable
removal of the tsetse and trypanosomiasis problem from this area.
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Tsetse flies (Diptera: Glossinidae) are the major vec-
tors of Human African Trypanosomiasis (HAT) and
Animal African Trypanosomoses (AAT) in sub-
Saharan Africa [1, 2]. Approximately 70 million
people in 1.55 million km2 are estimated to be at risk
of HAT caused by two species of trypanosomes [3]:
Trypanosoma brucei gambiense (Tbg), responsible for
the chronic form of the disease, and Trypanosoma
brucei rhodesiense (Tbr), which causes the acute form
[4, 5]. There is evidence that tsetse have influenced
food production, urbanization, and institutional devel-
opment dating back to historical Africa [6]. AAT is a
major obstacle to the development of more efficient
and sustainable livestock production systems, and
thus one of the most important causes of hunger and
poverty [7, 8]. There are currently no vaccines for the
above diseases, and the available drugs are expensive,
toxic, and logistically difficult to administer.
Since reducing host/vector contact can rapidly slow
human trypanosomiasis transmission [9], controlling
the tsetse fly remains the most efficient and sustain-
able way of managing African trypanosomiasis. Available
environmentally-friendly tsetse control techniques include
the sequential aerosol technique (SAT), which is an aerial
application of ultra-low-volume non-residual insecticides
[10], the use of insecticide-impregnated targets and traps
that can be odour-baited [11], the application of residual
insecticides on livestock, referred to as the live bait tech-
nique [12], and the sterile insect technique (SIT) [13].
In 2001, the African Union established the Pan African
Tsetse and Trypanosomiasis Eradication Campaign
(PATTEC) with a view of using an integrated area-wide
approach to control HAT and AAT with the available
methods. A prerequisite to any vector control campaign
aiming at eradication is to identify and target isolated
populations to minimize the risk of reinvasion. If not
already isolated, populations could be isolated by creating
physical obstacles, such as the insecticide-impregnated
biconical trap barriers. Such a method has been used to
effectively control Glossina palpalis gambiensis and Glos-
sina tachinoides in a 3000 km2 area in an agro-pastoral
zone of Sideradougou, in the Guinea savannah in
Cameroon [14].
Population genetic techniques can help understand
and quantify gene flow between populations, which can
be used as a proxy for dispersal [15]. Dispersal rates for
Glossina fuscipes fuscipes (Gff ) based on mark-release-
recapture (MRR) studies are about 14.2 km per gener-
ation, given a movement estimate of 338 m/day [9].
Fine-scale genetic analysis based on microsatellites
confirmed that Gff disperse up to 14 km per gener-
ation [16], Gff appear to be genetically homogeneous
over 1–5 km2.Information about dispersal derived using population
genetic techniques can be used to support vector control
decision-making [17, 18] at various spatial levels and
ecological settings. For example, regional studies such as
the one on riverine Glossina palpalis palpalis in west
and central Africa [19] have provided information that is
useful for control of riverine palpalis tsetse group in
cross-boundary projects. Studies of tsetse in Burkina
Faso, Guinea and Senegal have identified riverine tsetse
populations that are sufficiently isolated to warrant at-
tempts at complete eradication [20, 21]. In the morsitans
or savannah tsetse group, population genetic studies
have indicated high gene flow among Glossina morsitans
morsitans populations separated at geographic scales of
12–917 km in East and Southern Africa [22, 23].
In Uganda, Gff, a riverine subspecies in the palpa-
lis group, is the major vector of HAT. The acute
form of HAT (T. b. rhodesiense) previously had its
historical focus along the shores of Lake Victoria,
but has recently extended its range northwards into
central Uganda [4, 24]. If this distribution continues
extending, the range might overlap with that of the
chronic form of HAT (T. b. gambiense) found in
northwestern Uganda, thereby complicating diagnosis,
treatment, and providing new challenges, as recombin-
ation between the two trypanosome forms can occur and
could lead to unforeseen pathologies [25, 26].
In an effort to eliminate the acute form of the dis-
ease and to prevent potential challenges associated
with overlap of the two forms of HAT in Uganda, in
2008 Pan African Tsetse and Trypanosomiasis Eradi-
cation Campaign (PATTEC) activities were initiated
against Gff in the Lake Victoria basin; an area with a
history of tsetse re-emergence despite concerted tse-
tse control efforts [27]. Tsetse re-emergence is a
major obstacle to elimination of the tsetse fly vector
in Africa [28]. Understanding the population genetics
of Gff in the Lake Victoria basin may elucidate the
factors influencing re-emergence. Indeed, genetic
tools have revealed genetic structuring among local-
ities north, south and west of Lake Kyoga in
Uganda, occurrence of gene flow among genetic
clusters [29], and temporal stability of these genetic
patterns [30]. We previously screened for genetic
variation at 15 microsatellite loci using tsetse flies
from 14 sampling sites from continental and island
locations along Lake Victoria in Uganda [16]. That
study identified four genetically distinct clusters and
showed that gene flow occurred at varying levels be-
tween these clusters.
In this study, we followed up on the work of our group
[16] by screening 485 tsetse flies from 18 sampling sites
(Fig. 1) for genetic variation in a fragment of the
mtDNA COII gene (526 bp). In contrast to the bi-
Fig. 1 Map showing the location of the 18 sampling sites and the distribution of the 23 COII mtDNA haplotypes of G. f. fuscipes
recovered from the analysis of 485 individuals in the Lake Victoria Basin, Uganda. Blue dots represent sampled localities, pie charts
indicate frequencies of the haplotypes in the sampled localities and each colour in a pie chart represents a haplotype. The inset in
the upper right corner shows the location of sampling sites with reference to the whole of Uganda and neighboring countries
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nally inherited and lacks recombination [31, 32]. Given
these differences, as well as the slower mutation rate in
mtDNA than microsatellites [33, 34], we can compare
differences in genetic variation among different time-
scales. The insight about temporal dynamics that the
comparison of mtDNA and microsatellite data affords,
could further inform the ongoing PATTEC control and
monitoring efforts in the area and possibly beyond.
Methods
Sampling
We obtained 429 Gff tsetse fly samples from 14 localities
in the entire Ugandan portion of the Lake Victoria coast,
covering 40,000 km2 (Fig. 1). The samples were collected
from continental (Masaka, MA; Entebbe, EB; Budondo,BD; Okame, OK and Busime, BU) and offshore islands
on Lake Victoria (Buvuma Islands: Buvuma, BV; Bugaya,
BY; Buziri, BZ and Lingira, LI; Koome islands: Damba,
DB; Nsazi, NS and Koome, KO; Ssese islands: Kalangala,
KG and Ssese, SS) as shown in Table 1a. A maximum
of 30 individuals per location were collected between
October 2009 and March 2011, using biconical traps
[35], following standard protocols. Whole tsetse sam-
ples were stored individually in 90 % ethanol and
kept at 4 °C.
DNA extraction, Amplification and Sequencing
Total genomic DNA was extracted from legs of individ-
ual tsetse flies using the PrepGEM™ Insect kit (ZYGEM
Corp. Ltd) as per the manufacturer’s protocol. A 570 bp
fragment of mtDNA COII gene was PCR-amplified using
Table 1 Sampling localities and genetic diversity statistics for
the mitochondrial COII sequences from 18 Gff localities in the
lake Victoria basin in Uganda. N = Number of individuals
analyzed, Nh = Number of haplotypes, Hd = haplotype diversity
and π = nucleotide diversity. (1a) New sampling localities for this
study. (1b) Sampling localities added from previous studies
(Echodu et al. 2013)
Location Code Longitudes Latitudes N Nh Hd π
Table 1a
Masaka MA 31.9852 −0.2143 26 2 0.369 0.001
Ssese Island SS 32.1883 −0.3167 11 2 0.182 0.000
Kalangala Island KG 32.1437 −0.2283 23 2 0.403 0.008
Koome Island KO 32.6879 −0.0911 24 3 0.554 0.001
Damba Island DB 32.7659 0.0127 19 3 0.292 0.003
Nsazi Island NS 32.6296 0.0956 15 2 0.133 0.001
Entebbe EB 32.4852 0.0823 35 2 0.329 0.001
Buvuma Island BV 33.2788 0.1368 73 7 0.423 0.002
Bugaya Island BY 33.2684 0.0675 49 10 0.774 0.004
Buziri Island BZ 33.1883 0.1716 9 2 0.222 0.001
Lingira Island LI 33.3532 0.3168 43 6 0.527 0.002
Budondo BD 33.1209 0.5208 31 6 0.565 0.004
Okame OK 33.3532 0.3168 35 3 0.375 0.001
Busime BU 33.9711 0.2508 36 1 0.000 0.000
Table 1b
Nkumba NA 32.5300 0.0600 15 2 0.514 0.002
Mayuge MG 33.45585 0.422183 11 3 0.491 0.005
Sangalo SA 33.99286 0.24204 15 3 0.257 0.001
Tuba TB 34.05864 0.59159 15 3 0.257 0.001
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GGT TTA G – 3’) and COIIR1 (5’ – GGT TCT CTA
ATT TCA TCA AGT A – 3’), as described by [29]. Reac-
tions contained 1–10 ng of template DNA, 2.6 μl (5X)
buffer (GoTaq colorless, Promega), 1.1 μl (10 mM)
dNTPs, 0.5 μl (10 mM) primers, 1.1 μl (25 mM) MgCl2,
and 0.1 μl (U/μL) GoTaq polymerase, and 6.9 μl of water
for a total volume of 13 μl. Amplification involved an
initial denaturation step at 95 °C for 5 min, followed by
95 °C for 30 s of denaturation, 40 cycles each for 30 s at
50 °C for annealing, 45 s at 72 °C for extension and a
final extension step at 72 °C for 20 min. The PCR prod-
ucts were purified using ExoSAP-IT (Affymetrix, Inc.) as
per the manufacturer’s protocol. Sequencing was carried
out for both forward and reverse strands at the DNA
Analysis Facility on Science Hill at Yale University
(http://dna-analysis.research.yale.edu/).
Chromatograms were visually inspected and sequences
trimmed to remove poor quality data using the CLC
Workbench (CLC Bio Denmark). The forward and re-
verse strands were used to create a consensus sequence
for each sample. In addition to the newly sequenced 429samples, mtDNA COII gene sequences for 56 Gff indi-
viduals from 4 additional sampling sites in the basin [36]
(Table 1b) were added to the dataset. Thus, making the
final number of analysed sequences from the same sam-
pling sites where previous microsatellite data were col-
lected [16] 485. The total length of these sequences, prior
to analysis, was 570 bp. This fragment was trimmed to a
526 bp long fragment common to all the samples.
Genetic diversity, network and population structure
analysis
We analyzed the data for haplotype diversity (Hd)
and nucleotide diversity (π) using DnaSP version
5.10 [37]. Significance was assessed with 1000 per-
mutations. The partitioning of the genetic diversity
within and among sampling sites was evaluated using
the analysis of molecular variance (AMOVA) as im-
plemented in Arlequin 3.5 [38]. We performed a
nested analysis of variance (AMOVA) framework to
partition the total amount of genetic differentiation
between hierarchical levels of population subdivision
[39], and produced Φ-statistics that measure the
similarity of pairs of haplotypes in each hierarchical
level of the analysis, relative to pairs drawn from the
pool of sequences in the higher hierarchical level.
Significance of the Φ-statistics was tested by permut-
ing haplotypes among the corresponding hierarchical
levels, and recalculating the statistics to obtain their
null distributions [40].
To understand the evolutionary relationship of the
mtDNA haplotypes, we constructed a median-joining
haplotype network [41], where individual sequences were
collapsed into haplotypes using the default settings in the
NETWORK 4.6.1 software (http://fluxus-engineering.com).
This program implements the median-joining method in
the absence of recombination. The method, which provides
an estimation of the haplotype genealogical relationships, is
a more powerful method than bifurcating trees, when
studying phylogenetic relationships at the intraspecific level,
because it allows for the inclusion of multi-furcations and
reticulations [42]. The program GenGIS [43] was used to
visualize haplotype diversity and its relationship between
geographical localities.
Genetic differentiation among the 18 sampling sites
was evaluated with and without spatial information as a
priori [44], using the Bayesian approach implemented in
BAPS 6 [45]. We employed the spatial model option in
BAPS, using local populations inhabiting discrete habitat
patches (localities) with known geographical coordinates
as the population units to be clustered. All molecular
data collected from a particular local population were
used to obtain the posterior distribution of haplotype
frequencies for that population. Under the spatial model,
the genetic structure is calculated assuming a priori that
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neighbouring areas. This program uses a statistical
genetic model that treats nucleotide frequencies and
K (the number of genetically diverged groups in a
population) as random variables. The best K was de-
termined using posterior probabilities. The best par-
tition was visualized using a Voronoi tessellation as
implemented in BAPS.
To obtain pairwise estimates of genetic differentiation
we computed ΦST values among sampling sites using
Arlequin 3.5 with 1000 random permutations. We used
ΦST because it also accounts for the evolutionary re-
latedness of the mtDNA haplotypes. To test the correl-
ation between these pairwise genetic distances and
pairwise geographic distances, we used Mantel’s test [46]
with 9,999 permutations, as implemented in GenAlEx
6.5. Pairwise geographic (Euclidean) distances were gen-
erated using the coordinates of the sampling localities in
GenAlEx 6.5 [47].
Demographic history
We used mismatch distributions (number of pairwise
mutational differences) [48] to determine if the mtDNA
data showed signatures of population expansion and cal-
culated the raggedness statistic to analyse the goodness
of fit of the population expansion model to evaluate the
extent to which the distribution followed the smooth
unimodal curve, which one would expect under a popu-
lation growth scenario. However, as this approach does
not use all the information in the sequence data, we also
used Tajima’s D [49] and Fu’s FS [50] statistics to test for
deviations from neutral expectations. Positive values in-
dicate an excess of intermediate-frequency haplotypes,
which might result from balancing selection or bottle-
necks, while negative values reflect an excess of rare
polymorphisms, which might result from population
growth but also genetic hitchhiking, selective sweeps, or
background selection. For all these tests we used DnaSP
version 5.10 [37] and significance was evaluated by com-
paring observed and expected statistics to a distribution
of values generated with 5000 coalescent simulations.
Results
Genetic diversity
A 526 bp fragment of the mtDNA cytochrome oxidase
II (COII) was analysed from 485 individuals from 18 lo-
calities around the Lake Victoria basin (Table 1, Fig. 1).
The collection of sequences was comprised of 23 haplo-
types and 29 polymorphic sites (Table 2). The number of
haplotypes within each sampling site varied considerably
(from 1 to 10 haplotypes per sampling location) despite
equal sample sizes. Similarly, both haplotype diversities
ranged widely from 0 in BU to 0.774 in BY (Table 1). On
the contrary, nucleotide diversity was very low rangingfrom 0 in BU a coastal site and SS an island site, to
0.008 in KG in Ssese islands. These low levels of nucleo-
tide diversity may be due to relatively recent reduction
in population size or recent colonization events, as sam-
pling effort was the same for every site (Table 1). How-
ever, the fact that for some sites we recovered high
haplotypic diversity suggests differences in demographic
dynamics among sites.
Table 3 shows the results for the AMOVA analysis on
the 18 sampling sites; overall genetic variation within
sampling sites was much larger (85.21 %) than the vari-
ation among sampling sites (14.79 %), which is indicative
of shallow levels of genetic divergence among sampling
sites. This is further supported by the distribution of
haplotypes among the sampled localities (Fig. 1, Tables 1
and 2) and their evolutionary relationships (Fig. 2).
Figure 1 shows that Haplotype 1 (HAP1), the most
common haplotype (72.4 %; Table 2), is ubiquitous. The
second most common haplotype, HAP2 (Table 2) was by
far much less frequent (3.9 %) than HAP1 and was
found in only 8 localities. Six other haplotypes occurred
in two or more localities. These eight haplotypes repre-
sented 95.7 % of the sample. The other fifteen haplo-
types (4.3 % of the sample) were unique to specific
localities. The high percentage of shared haplotypes with
the most common haplotype found at all sampling sites
suggests high connectivity of Gff in the past. However,
some haplotypes were retrieved from only geographically
proximate areas, suggesting the occurrence of some gen-
etic structuring. For example, HAP4 (Table 2; Light-blue
in Fig. 1) was retrieved from BD, BV, LI, BZ, MG and
BY, all geographically proximate localities; HAP7 (Green
in Fig. 1) appears only in the extreme west of the basin
(SS and MA), and HAP8 was retrieved exclusively from
OK, a sampling site at the eastern edge of the Gff belt
(Fig. 1; Table 2). Interestingly, HAP5 occurred exclu-
sively on islands, particularly sites KG, NS, KO, DB and
BY, some of which are located more than 100 km apart.
Figure 2 shows the evolutionary relationships among
the 23 haplotypes. The network shows two haplogroups
separated by five mutational steps. The most common
haplotype (HAP1) is located internally in the larger hap-
logroup, with the other haplotypes arising from it, sug-
gesting that HAP1 is the ancestral haplotype of this
haplogroup. In addition, a star-like polytomy separated
from HAP1 by two mutation steps was found in this
haplogroup. The second haplogroup has only two haplo-
types, HAP5 and HAP18, each separated by one muta-
tion step from an unknown haplotype. Overall the
network shows very low levels of sequence divergence
among haplotypes and a high frequency of singletons
(i.e., haplotypes seen only once in a group of samples), a
pattern suggesting recent divergence and possibly popu-
lation expansion.
Table 2 Haplotype distributions among the 18 G. f. fuscipes studied, based on mitochondrial CO II sequence data: 1st column:
Haplotype code name (Hap1-Hap23); 2nd column: segregating sites in each haplotype, numbers on top of 2nd column are the
variable sites in the reference sequence JFJR01006635.1, dots represent identical nucleotides to the ones for Hap1. The location
code names (column 3 to 20) are those shown in Table 1. The last column shows the frequency of each haplotype in the whole
mitochondrial CO II sequence data
Haplotype Segregating sites Localities
MA SS KG KO DB NA NS EB BV BY BZ LI BD MG BU OK SA TB
Hap1 20 10 17 13 16 9 14 28 55 32 8 29 3 8 36 27 13 13
Hap2 - - - 1 2 6 - 7 4 2 - 5 1 - - - - -
Hap3 - - - - - - - - 3 5 - 5 9 - - - - -
Hap4 - - - - - - - - 7 3 1 2 10 - - - - -
Hap5 - - 6 10 1 - - - - 2 - - - - - - - -
Hap6 - - - - - - - - 2 - - 1 7 - - - - -
Hap7 6 1 - - - - - - - - - 1 - - - - - -
Hap8 - - - - - - - - - - - - - - - 7 - -
Hap9 - - - - - - - - 1 1 - - - - - - - -
Hap10 - - - - - - - - - - - - 1 - - - - -
Hap11 - - - - - - - - 1 - - - - - - - - -
Hap12 - - - - - - - - - 1 - - - - - - - -
Hap13 - - - - - - - - - 1 - - - - - - - -
Hap14 - - - - - - - - - 1 - - - - - - - -
Hap15 - - - - - - - - - 1 - - - - - - - -
Hap16 - - - - - - 1 - - - - - - - - - - -
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Table 2 Haplotype distributions among the 18 G. f. fuscipes studied, based on mitochondrial CO II sequence data: 1st column:
Haplotype code name (Hap1-Hap23); 2nd column: segregating sites in each haplotype, numbers on top of 2nd column are the
variable sites in the reference sequence JFJR01006635.1, dots represent identical nucleotides to the ones for Hap1. The location
code names (column 3 to 20) are those shown in Table 1. The last column shows the frequency of each haplotype in the whole
mitochondrial CO II sequence data (Continued)
Hap17 - - - - - - - - - - - - - - - 1 - -
Hap18 - - - - - - - - - - - - - 1 - - - -
Hap19 - - - - - - - - - - - - - 1 - - - -
Hap20 - - - - - - - - - - - - - - - - 1 -
Hap21 - - - - - - - - - - - - - - - - 1 -
Hap22 - - - - - - - - - - - - - - - - - 1
Hap23 - - - - - - - - - - - - - - - - - 1
Totals 26 11 23 24 19 15 15 35 73 49 9 43 31 11 36 35 15 15
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To investigate demographic history and explore evidence
of recent population expansions or reductions, we car-
ried out mismatch distribution analyses by combining all
the sampling sites (Additional file 1: Figure S1). Har-
pending’s Raggedness index rejected the null hypothesis
of exponential growth (r > 0.05, P > 1.000). The observed
distributions suggest a unimodal pattern, indicating a
signal of past population expansion. Tajima’s D and Fu’s
FS (Table 4) were both negative and significant for the
study area (D = −1.661; P = 0.014; FS = −10.787, P =
0.009), confirming population expansion of the Gff
population in this part of the basin. At locality level,Table 3 Results of AMOVA (Excoffier et al. 1992) on 485
mitochondrial COII sequences from 18 localities in the Lake
Victoria Basin, Uganda, computed using the Arlequin program
(Excoffier et al. 2009). Significance was tested using 1000
random permutations
Source of Variance Percentage
Variation d.f. Components Of variation
Among
Localities 17 0.03491 Va 14.79 %
Within
Localities 467 0.20107 Vb 85.21 %however, FS and D statistics (Table 4) confirmed demo-
graphic dynamics being different among localities as the
values were negative for some sites and positive for the
others.
Population differentiation patterns
Figure 3 shows results of the BAPS analyses. The
analysis, which incorporates spatial information of
sampling sites as prior information inferred existence
of three (K = 3) genetic clusters. In agreement with
the shallow genetic divergence and haplotypic distri-
bution shown above, these clusters do not group en-
tirely according to geographical location of tsetse
samples. For instance, cluster 1 (red in Fig. 3), the
cluster that groups the majority of individuals
(67.8 %) includes tsetse flies from all sampling sites
regardless of their geographic proximity. On the other
hand there is some evidence of genetic structuring,
because cluster 2 (blue in Fig. 3) includes only indi-
viduals from each of the Buvuma archipelago sites
(LI, BY, BV, BZ) as well as samples from BD, a main-
land site about 50 km away from the Buvuma islands.
However, cluster 3 (green in Fig. 3) includes individ-
uals from two different island groups (KG and KO)
on the west side of the study area and OK, located at
the opposite end of the Gff distribution in the Lake
Victoria basin.
Fig. 2 Median-Joining network [41] for 23 COII mtDNA haplotypes of G. f. fuscipes from 485 individuals in the Lake Victoria Basin, Uganda. Each
colour represents a haplotype and the size of the circle is proportional to the number of individuals with that haplotype. Each line represents one
mutational step, colour coding is the same as that in Fig. 1 and a white circle represents an inferred missing haplotype
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divergence can be inferred from the pairwise ΦST values
(Table 5). Among localities these values ranged from
zero between populations from Damba Island (DB) and
Nsazi island (NS), located about 4 km apart in the
Koome archipelago, to relatively high and statistically
significant values between Budondo (BD) and Busime
(BU; ΦST = 0.592, P ≤ 0.05), which are continental sites
about 100 km apart. Samples from Lingira (LI), an island
site in Buvuma islands and Nkumba (NA), a continental
site about 40 km away, were not genetically distinct
(ΦST = 0.05, P < 0.05), suggesting that there has been
gene flow between islands and continental sampling
sites. Surprisingly, samples from KO, a site only 5 km
from DB and NS in the Koome archipelago, weregenetically distinct from all samples including those
from DB and NS which are only 5 km within the
same archipelago, but similar to samples from KG, an
island site more than 100 km away in Kalangala
islands, suggesting possible long-range dispersal
among the islands’ Gff. Additional file 2: Figure S2
shows the results of the Mantel test, which suggests
no correlation between genetic and geographic dis-
tances among localities (R =0.109, P = 0.185), confirm-
ing the findings from the ΦST and the BAPS analyses.
Discussion
Lack of mtDNA structure in Lake Victoria basin Gff
Sequence analysis of the COII mitochondrial DNA frag-
ment from Gff populations across the Lake Victoria
Table 4 Neutrality and Demographic parameters: Tajima’s D, Fu’s
Fs, Harpending’s raggedness index (r) based on mitochondrial
COII sequence data of 18 localities of G. f. fuscipes belonging to
the Lake Victoria Basin as implemented in the program DnaSP
(Librado and Rozas 2009) for population size changes. In bold are
statistically significant values at 0.05 Significance level
Locality Tajima's D Fu’s Fs Ragged-ness
Index (r)
MA 0.669; P = 0.839 1.003; P = 0.568 0.205; P = 0.200
SS −1.129; P = 0.156 −0.410; P = 0.150 0.438; P = 0.490
KG 1.645; P = 0.950 9.668; P = 0.999 0.681; P = 0.360
KO 2.163; P = 0.989 8.861; P = 0.998 0.649; P = 0.910
DB −2.102; P = 0.005 2.120; P = 0.880 0.589; P = 0.560
NA 1.769; P = 0.976 2.710; P = 0.887 0.765; P = 0.050
NS −1.685; P = 0.012 0.834; P = 0.479 0.787; P = 0.750
EB 0.698; P = 0.792 2.352; P = 0.855 0.667; P = 0.000
BV −1.104; P = 0.133 −2.334; P = 0.098 0.174; P = 1.000
BY −1.800; P = 0.017 −2.325; P = 0.144 0.135; P = 0.580
BZ −1.088; P = 0.209 −0.263; P = 0.173 0.358; P = 0.310
LI −0.879; P = 0.207 −0.928; P = 0.298 0.255; P = 0.260
MG −1.903; P = 0.015 1.313; P = 0.763 0.197; P = 1.000
BU 0.000; P = 1.000 0.000; P = N.A. 0.000; P = 0.000
OK −0.400; P = 0.360 −0.341; P = 0.294 0.192; P = 0.350
SA −1.491; P = 0.064 −1.546; P = 0.022 0.302; P = 0.460
TB −0.948; P = 0.222 −0.006; P = 0.379 0.566; P = 0.530
Study Area −1.661; P = 0.014 −10.787; P = 0.009 0.179; P = 1.000
Fig. 3 Genetic clustering of local populations in the Lake Victoria basin infe
codes are those described in Table 1 (a) Mixture clustering graphical outpu
vertical block is a sampling site, colour indicates membership of its individu
cluster 3). Localities are ordered geographically from west to east across th
represents a sampling site and colour indicates membership of its individu
spatial coordinates of the localities
Kato et al. Parasites & Vectors  (2015) 8:385 Page 9 of 13basin revealed very little genetic structuring. Most of the
genetic variation at this locus was found within rather
than between sampling sites (Table 3). Bayesian cluster-
ing inferred three spatially overlapping clusters, which
do not group according to geographical origin of the
samples. The overlapping spatial clustering could be a
result of stochasticity in the process of lineage sorting of
haplotypes followed by introgression due to gene flow
from continental sites not included in this study, result-
ing in spatial mixing of the haplotype groups. A previous
study indeed showed high levels of gene flow among dif-
ferent continental sampling sites separated by hundreds
of kilometers in both Southern and Northern Uganda
[29], reinforcing this hypothesis. Given the data at hand,
it is not possible to distinguish between ancestral poly-
morphisms or recent introgression, as both could pro-
duce the observed patterns [51]. On the other hand the
influence of reproductively inherited symbionts such as
Wolbachia [52] could be investigated.
Regardless of the very little genetic structuring that we
detected among sampling sites, we found relatively high
levels of genetic diversity, as 14 of the 23 haplotypes re-
covered in this study are singletons (Table 2). Although
this could reflect technical artifacts rather than the ac-
tual diversity of this mtDNA fragment, we feel that this
is unlikely for a variety of reasons. The observed mtDNA
sequence diversity is unlikely to be due to the presence
of transcriptionally inactive mtDNA fragments inserted
in the nuclear genome, numts [53]. We did not findrred with the program BAPS [44] using mtDNA COII marker. Locality
t for K = 3, where K is the optimal number of clusters identified. Each
als to population clusters (red - cluster 1, blue – cluster 2, green –
e basin. b Spatial clustering model for K = 3, each bordered cell
als to the same three population clusters as in A. X and Y-axes are
Table 5 Pairwise differentiation estimates of mtDNA Φst between the 18 localities arranged from West to East across the basin:
Computed in Arlequin 3.5 (Excoffier et al. 2009), bold numbers show statistically significant comparisons at 0.05 Significance level
WEST EAST
WEST MA SS KG KO DB NA NS EB BV BY BZ LI BD MG BU OK SA TB
MA -
SS −0.003 -
KG 0.105 0.083 -
KO 0.21 0.228 0.024 -
DB 0.058 −0.02 0.042 0.174 -
NA 0.19 0.214 0.182 0.186 0.116 -
NS 0.088 −0.037 0.115 0.269 0 0.264 -
EB 0.093 0.04 0.107 0.219 −0.02 0.054 0.063 -
EAST BV 0.054 0.008 0.066 0.184 −0.001 0.12 0.028 0.023 -
BY 0.054 0.036 0.038 0.107 0.02 0.084 0.062 0.043 0.003 -
BZ 0.043 −0.051 0.063 0.202 −0.03 0.183 −0.033 0.027 −0.033 0.006 -
LI 0.053 0.038 0.068 0.143 0.014 0.05 0.069 0.019 0.002 −0.012 0.014 -
BD 0.374 0.399 0.354 0.293 0.388 0.288 0.438 0.404 0.348 0.252 0.352 0.265 -
MG 0.033 0.007 0.039 0.133 0 0.107 0.046 0.035 −0.014 −0.028 −0.016 −0.022 0.272 -
BU 0.238 0.127 0.287 0.457 0.134 0.51 0.065 0.179 0.101 0.16 0.186 0.175 0.592 0.283 -
OK 0.085 0.041 0.096 0.21 0.044 0.187 0.065 0.08 0.046 0.049 0.026 0.058 0.385 0.024 0.183 -
SA 0.053 −0.038 0.074 0.215 −0.018 0.196 −0.022 0.037 0.006 0.03 −0.047 0.036 0.391 −0.004 0.118 0.037 -
TB 0.053 −0.038 0.074 0.215 −0.018 0.196 −0.022 0.037 0.006 0.03 −0.047 0.036 0.391 −0.004 0.118 0.037 −0.033 -
WEST EAST
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products, or stop codons when the DNA sequences were
translated into amino acids. Moreover, numts were never
observed in any of previous studies of Gff mtDNA poly-
morphism, which included samples from a larger
spatial scale than the current study [29, 30, 36, 54]. It
is therefore unlikely that the patterns observed in the
mtDNA data could be attributed to accidental cross-
contamination or sample mixing, given that we
checked for cross-contamination at each step, includ-
ing negative controls. Indeed data were collected for
both markers at the same time from the same DNA
extractions and the microsatellite markers did not
show any evidence of cross-contamination [16]. Add-
itionally, several samples were genotyped and se-
quenced in duplicate and yielded identical results.
Genetic drift and gene flow equilibrium in Lake Victoria
basin Gff
The Mantel test (Additional file 2: Figure S2) detected
no significant correlation between geographic and gen-
etic distance, and pairwise ΦST comparisons showed
higher differentiation between geographically close local-
ities than distant localities, which suggests the existence
of a complex and locality-dependent population. This
could be facilitated by local environmental conditions,which would allow both genetic drift and gene flow to
occur concurrently. Gff are found in highly fragmen-
ted habitats where genetic drift could be the predom-
inant force. However, Gff also occur in contiguous
riverine habitats along Lake Victoria and the Nile
River, which can facilitate gene flow by acting as a
corridor for individual dispersal among localities
across the basin. The role of contiguous riverine habi-
tat in facilitating long-range dispersal in tsetse has
been previously discussed for the same species in
Uganda but at a larger geographic scale [36, 55] and
also for another riverine tsetse species G. tachinoides
in Burkina Faso [56].
The haplotype network depicts a frequent haplotype
(HAP1), with the majority of the haplotypes (91.3 %)
in the network originating from it. This haplotype has
a range-wide distribution across the basin, and more
than 95 % of all the haplotypes are shared among the
localities, suggesting long-range gene flow across the
basin. Despite the long-range gene flow, some hap-
logroups were retrieved from only geographically
proximate localities, which, coupled with the presence
of private haplotypes at some localities further sup-
ports the importance of both gene flow and genetic
drift in shaping the observed genetic patterns. Local-
ities around the source of the Nile, such as BD, BV,
Kato et al. Parasites & Vectors  (2015) 8:385 Page 11 of 13LI, BY and MG (Fig. 1) had the highest haplotype di-
versities, confirming the role of contiguous riverine
habitats in facilitating gene flow and the importance
of the river Nile in facilitating gene flow between the
lake Victoria basin and the northern Gff lineage, as previ-
ously suggested [29]. Interestingly, one haplogroup was
exclusively retrieved from islands, some of which are more
than 100 km apart. This haplogroup is five mutation steps
from the dominant haplogroup, indicating higher con-
nectivity among the Gff populations across islands than to
the coastal area, suggesting that the islands could have
been connected in the past.
Localized demographic dynamics
Both mismatch distributions and neutrality tests indi-
cated demographic expansion for the study area, but the
difference in demographic dynamics exhibited by the
neutrality tests at locality level is further evidence for
population sub-division rather than panmixia of Gff in
the basin. The positive Fs and D values indicate that Gff
experienced localized population reductions or re-
colonization events at some localities as opposed to the
expansions at the other localities showing negative
values. This could be a result of unsustained small-scale
tsetse control projects that register temporally successes
at those localities, but are followed by re-infestations
from adjacent un-treated areas when the projects end.
Comparison between mitochondrial and nuclear DNA
markers
In another study of Gff [16] in the Lake Victoria basin,
frequency-based analysis of microsatellite genotypic data
revealed a complex genetic structure with four distinct
meta-populations, which, although genetically distinct
and spatially separated, also showed considerable
amounts of gene flow. The microsatellite analyses also
revealed existence of isolation by distance (IBD) within
and between the distinct genetic clusters. Genetically de-
rived dispersal distances varied between clusters ranging
from about 2.5 to 14 km and matched reasonably well
with dispersal rates predicted from mark–release–recap-
ture (MRR) data for Gff and other riverine species [9].
Hierarchical FST and individual assignment tests indi-
cated that there were four genetic clusters, and that flies
in clusters 3 and 4 shared many migrants, while clusters
1 and 2 were more isolated. The difference in gene flow
among these clusters was attributed to heterogeneity in
human influence. Clustering of Gff from island sites with
Gff from mainland sites led to a conclusion that the Lake
Victoria does not act as a barrier to fly movement and
gene flow, possibly due to passive dispersal mediated by
boat traffic.
The results presented in this study show both
agreements and disagreements with previous results[16]. Both studies recorded high gene flow between
islands and adjacent mainland sites; however, they dif-
fered in the level of genetic structuring that was iden-
tified. Unlike mitochondrial DNA, microsatellite data
indicated the presence of four distinct genetic clusters
in a small area, with different degrees of isolation
from the rest. Additionally, in contrast to mitochon-
drial DNA, which indicated population expansion
throughout Gff demographic history, microsatellites
pointed to population stability over several genera-
tions in the Lake Victoria region [16, 30] as well as
other areas in Uganda [36]. Since mitochondrial DNA
has lower mutation rates than microsatellites [33, 34],
does not recombine [57], and has a smaller effective
population size because of its maternal inheritance, it
provides insights on older evolutionary events than
microsatellite data [58]. So, by revealing patterns fur-
ther back in the demographic history of Gff in the
Lake Victoria region, the mtDNA results in this study
complement inferences based on microsatellites [16].
One mtDNA haplotype was present in all sampling
sites, suggesting a higher degree of connectivity be-
tween these sites in the past. It is possible that due
to human activity, especially vector control efforts
and human development, Gff populations have be-
come more and more fragmented, which is why the
microsatellites reveal more genetic structuring. The
Gff structuring revealed by microsatellites in this
study is also in line with recent work modeling pre-
dictions of Gff distributions in southern Uganda [59].
Conclusion
Results of gene structuring and connectivity based on
partial mtDNA sequences alone may underestimate
current levels of genetic differentiation. As revealed by
microsatellite data, lack of significant partitioning among
groups or populations based on mtDNA data may not
necessarily be indicative of current panmixia, but instead
reflects historical events. This study has revealed the
demographic history of Gff in the Lake Victoria basin,
enabling us to better understand the factors behind the
observed tsetse re-emergences after successful control
interventions in the basin.
In terms of tsetse and trypanosomiasis control, inter-
ventions implemented at local scales are unlikely to
produce long-lasting results due to re-invasion(s) from
adjacent areas and/or residual tsetse pockets. As such,
the high levels of genetic mixing between Gff in the is-
land and mainland sites suggests that island and the
mainland populations should be handled at the same
time when implementing interventions. These findings
support the need for an integrated area-wide elimin-
ation strategy for tsetse and trypanosomiasis from
Uganda.
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Additional file 1: Figure S1. Mismatch distributions plot [48] obtained
using pairwise differences in mitochondrial COII sequence nucleotides for
Glossina f. fuscipes in the lake Victoria Basin, Uganda. On the X-axis are
the pairwise nucleotide differences, Y-axis are the number of pairs
(Frequency). The solid grey lines show observed frequency distribution
while the dotted black lines show the distribution expected under
constant growth. The data were obtained using DNASP version 5.10 [37].
Additional file 2: Figure S2. Mantel Test plot of genetic distance
(Φst /(1- Φst)) versus geographic distance for pairwise comparisons
among 18 localities of G. f. fuscipes in the lake Victoria Basin, Uganda.
Blue dots represent pairwise comparisons of localities and the black line
is the linear correlation of genetic and geographic distances across the
basin. There is no isolation by distance (R = 0.109, P value = 0.185).
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